the change in height SDS in the first year. Conclusion: Higher insulin sensitivity at the start of GH therapy is associated with greater first-year growth response to GH, and could be a promising parameter in selecting prepubertal short SGA children for GH treatment. However, this finding needs to be confirmed in larger studies.
Insulin Sensitivity and Growth Response
Horm Res Paediatr 2012;78:24-30 25 reduced insulin sensitivity has been a frequent finding in SGA children remaining short after infancy [4, 5] .
It is well established that daily administration of recombinant growth hormone (GH) promotes a significant gain in body height and weight in short SGA children [6, 7] . The short-term responses to GH therapy are highly variable: in several studies a threefold variation in the first-year height SDS increase could be observed [7, 8] . Furthermore, the early changes in stature were found to diminish or stabilize in the subsequent years of continued GH therapy, despite the fact that the circulating IGF-1 concentrations during GH therapy remain elevated or even increase [9] .
On the other hand, an impairment of the insulin sensitivity with a two-to threefold increase of both fasting and stimulated insulin concentrations during the first years of GH treatment have been observed in short prepubertal SGA children [10, 11] . We hypothesized that a greater growth response to GH might be found in those SGA children with higher insulin sensitivity at the start. Therefore, in this study we analyzed insulin sensitivity (from measurements of fasting glucose and insulin) at baseline, and after 1 and 2 years of GH therapy. We additionally measured fasting leptin and IGF-1 concentrations since both have been related to GH responsiveness and catch-up growth in SGA children [12, 13] .
Methods

Patients
Forty children were recruited from the departments of pediatric endocrinology of 8 Belgian hospitals and one Luxembourgian hospital according to the following inclusion criteria: (1) birth weight and/or length below -2 SD for gestational age; (2) current height below -2.5 SD; (3) height velocity below +1.0 SD (measurements of height at time of inclusion and 12 8 6 months earlier), and (4) ages between 3 and 8 years at the start of the study. Exclusion criteria were: (1) prematurity (gestational age below 34 weeks); (2) endocrine disease including GH deficiency, bone disease or any severe chronic disease; (3) Turner, Noonan or Down syndrome, or other chromosomal abnormalities; (4) current or previous irradiation therapy, current or previous (12 8 6 months before inclusion) treatment with oral steroids for more than 3 months, and (5) severe mental retardation. Twenty-two females and 18 males were included. The clinical characteristics of the included patients are summarized in table 1 .
Study Protocol
After stratification by the minimization method for gender, chronological age, weight SDS and hospital, the children were allocated to either a GH-treated (n = 20) or untreated group (n = 20).
The treated children received recombinant human GH for 2 years from the start of the study. The dose of GH (Genotonorm, Pfizer, USA) was 66 g/kg body weight per day. The dose was adjusted to body weight every 6 months. The untreated group was followed over 2 years without receiving GH therapy with the opportunity to start GH treatment for a period of 2 years afterwards. The local ethics committees of the participating centers approved the study and informed consent was obtained from the parents.
Measurements
Assessments of body height, weight and insulin sensitivity were performed at baseline and after 1 and 2 years. Measurements of standing body height and body weight as well as assessment of pubertal development were performed at the local hospital by one trained observer. Body height and weight were expressed as SD score for chronological age and sex (SDS) [14] . BMI was calculated and expressed as SDS [14] . Pubertal stages were scored according to Tanner [15, 16] .
Blood samples were collected in fasting condition at baseline and after 1 and 2 years of treatment. Glucose was measured locally within 2 h after collection and serum was stored for centralized analysis of insulin, IGF-1 and leptin. Insulin sensitivity was estimated by the quantitative insulin sensitivity check index (QUICKI), using the fasting plasma glucose and serum insulin concentrations [17] .
Changes in height SDS score between start and 1 year and between 1 and 2 years were calculated for each subject as the measure of variation in growth response to GH. The first-year change in height SDS was chosen as a parameter for the growth-promoting effect of GH and the second-year change as a measure for the waning effect of GH therapy.
Laboratory Assays
Plasma glucose concentration was measured by the glucose oxidase method on an automated analyzer. Serum insulin was measured by a commercial IRMA (Bi-Insulin IRMA 2009, CisBio International, Gif-sur-Yvette, France). The cross-reactivity was ! 0.0001% with proinsulin and the detection limit was 0.5 mU/l; the intra-and interassay coefficient of variation were 3.8 and less than 8%, respectively. Serum IGF-1 was measured by a commercial radioimmunoassay (DSL-5600 ACTIVE) and the detection limit was 0.8 ng/ml; the intra-and interassay coefficients were 3.7 and 1.5%. Reference data provided by the manufacturer were used for the calculation of IGF-1 z-scores. Serum leptin was measured with a commercial IRMA (DSL-23100) and the detection limit was 0.1 ng/ml; the intra-and interassay coefficients were 3.9 and 6.7%.
Statistical Analysis
Results are shown as means and SD. First-year changes were calculated as the value at 1 year minus the baseline value, and second-year changes as the value at 2 years minus the first-year value. To adjust for the baseline values, percent changes [(actual value -baseline value/baseline value) ! 100] in QUICKI, IGF-1 and leptin at 1 and 2 years were calculated. Differences between groups were assessed by a mixed between-within ANOVA. Pearson's correlations coefficients were obtained to evaluate the relationship between quantitative variables. For statistical purposes, an extreme baseline QUICKI and IGF-1 and change in QUICKI and IGF-1 values were excluded in the calculation of the regression coefficients. Percent of variance in changes in QUICKI during the first year and second year were calculated as the coefficient of determination [(square of Pearson's correlation coefficient) ! 100]. Multiple regression and forward step regression analysis models for each of the studied hormonal parameters were used in the selection of the predictors of the change in height SDS.
Results
Baseline Levels and Evolution of Growth Parameters
As shown in table 1 , there were no significant differences between the two study groups for any of the baseline growth variables, including growth velocity, which was within normal age limits in all subjects. One child in the treated group dropped out of the study after 1 year because of refusal of further injections. Height velocity almost doubled during the first year of GH therapy (5.2 8 1.3 vs. 9.8 8 1.4 cm/year), while it did not change in the untreated group. In the treated group, height velocity decreased significantly during the second year (9.8 8 1.4 vs. 7.7 8 1.2 cm/year), but remained significantly higher compared to the untreated group (7.7 8 1.2 vs. 5.4 8 0.9 cm/year). Weight gain during the first year averaged 2.9 8 0.8 kg in treated children and was twice as high (p ! 0.0001) as in the untreated children (1.4 8 0.5 kg). Weight gain in the second year was slightly lower than during the first year of treatment (2.6 8 0.7 kg), but remained higher than in the untreated group.
The accelerated growth in the GH-treated group induced major changes in height SDS: mean height SDS increased from -3.3 8 0.7 to -2.3 8 0.7 after 1 year and to -1.9 8 0.7 after 2 years. A great variability in the growth response was observed in the treated patients: the change in height SDS ranged between 0.38 and 1.80 in the first year and between -0.29 and 0.86 in the second year. BMI SDS remained unchanged over the 2-year observation period in the treated and untreated group. None of the participating children entered puberty during the course of the study.
Baseline Levels and Evolution of Hormonal Parameters
Annual results of the longitudinal follow-up of fasting glucose, insulin, leptin and IGF-1 and the calculated QUICKI are shown in table 2 . At baseline there were no differences between the two groups. Serum IGF-1 tripled 
Associations between Growth Response and Baseline Hormonal Parameters
As shown in table 3 , in the GH-treated group baseline IGF-1 was negatively associated with the change in height SDS in the first year (r = -0.41; p ! 0.05), whereas pretreatment QUICKI was positively associated (r = 0.40; p ! 0.05). The correlation between baseline QUICKI and the first-year growth response persisted after correction for age and IGF-1 (r = 0.36; p = 0.07). Using stepwise multiple regression analysis including age, baseline IGF-1 and baseline QUICKI, the first-year change in height SDS was best determined by the pretreatment QUICKI: change in height SDS = -0.54 + 3.31 ! QUICKI (r = 0.64; p ! 0.005) when outliners were included ( fig. 1 ) ; and by 
Associations between Growth Response and Changes in Hormonal Parameters
As shown in table 3 , the change in height SDS in the first year was negatively correlated with the absolute change in QUICKI (r = -0.48; p ! 0.05), also after correction for age and baseline IGF-1 (r = -0.42; p = 0.07), but not with the percent QUICKI increase. On the other hand, both the absolute and the percent change in serum IGF-1 correlated significantly with the first-year height gain. The changes in height SDS during the second year correlated positively with the absolute and percent changes in QUICKI observed in the second year (r = 0.60; p ! 0.005 and r = 0.53; p ! 0.05, respectively).
Discussion
Daily administration of high-dose GH in short prepubertal SGA children was found to induce profound catchup growth in the first year: a doubling of growth velocity and body weight gain in the first year compared to a control group was observed. The growth response to GH therapy, when expressed as change in height SDS, was similar to this observed in previous reports using a similar dose regimen in patient populations with a comparable age range [6] . Both the child's age and the administered GH dose are the prime variables related to the growth response over the first year [8, 9, 18] . In several, but not all studies, the growth response was, as in our study, related to the parental adjusted height deficit; however, in all studies its amplitude and interindividual variability decreased during the second year [6, 7, 9] .
Since clinical predictors have been shown to explain only a low percentage of this variability in previous studies, potential biochemical predictors of the growth response have been investigated [18, 19] . In this study, we evaluated in particular whether the amplitude of the growth response to GH was associated with pretreatment values or changes in fasting insulin, IGF-1 and leptin, which have been shown to change significantly during GH therapy and have a possible impact on body growth [9, 13, [20] [21] [22] . Data on the fasting leptin concentration at the start of GH therapy in relation to the first-year growth response to GH are conflicting, which might be explained either by differences in GH dosing or the pretreatment nutritional status of the subjects between studies [10, 13, 22] . Serum leptin concentration measured at the start was unrelated to the growth response in our subjects, who presented with a rather low BMI SDS. In all studies, including the present study, the most significant changes in leptin concentrations were observed in the first year of therapy and were found to be independent of the changes in BMI. We found, in accordance with a previous study, that the gain in height SDS during the first year on GH was negatively related to pretreatment serum IGF-1 [23] . Serum IGF-1 concentration has been suggested to be a better marker of endogenous somatotropic axis activity, which in contrast to stimulated peak GH levels, might better predict the first-year growth response to GH in SGA children [9] .
In our study, QUICKI, known to be a simple and validated parameter for insulin sensitivity in prepubertal children, was also found to be an important predictor for the first-year growth response [24] . Although there is a general agreement that the euglycemic hyperinsulinemic clamp technique is the best available standard for the measurement of insulin action, it is hardly applicable in young tiny SGA children and especially in longitudinal intervention studies. QUICKI has been shown to be a useful screening test for insulin resistance in prepubertal children and is probably a better parameter of insulin sensitivity than fasting insulin concentration since it better reflects the known hyperbolic relationship between insulin sensitivity and insulin production, and has better repeatability characteristics [25, 26] . An important finding of our study was that pretreatment QUICKI as well as the absolute decrease in QUICKI during the first year determined the magnitude of the height gain during the first year of GH therapy, whereby a higher baseline QUICKI and a more severe decrease in QUICKI favored a better growth response. This means that children with the highest insulin sensitivity at baseline, who developed a higher degree of insulin resistance during treatment, were the best responders to GH treatment. On the other hand, part of the correlations on reduction in insulin sensitivity might be explained by the phenomenon of regression to the mean.
Our findings are in contrast with the findings of an Australian and a German study, where no correlation between the degree of fall in insulin sensitivity and the growth acceleration during GH therapy was found in short SGA children [10, 11] . The validity of these studies, however, can be questioned since prepubertal as well as pubertal subjects, who have different degrees of insulin sensitivity, were included. Furthermore, in the Australian study, subjects with very low insulin sensitivity were included, and insulin sensitivity was assessed after a variable duration of GH therapy. We observed in a properly performed longitudinal study using 12 months of timed QUICKI measurements that the insulin sensitivity might differ in the same subject, depending on changes in BMI SDS and IGF-1 concentrations. We found a mean decrease in QUICKI of 10% in the first 12 months, with serum IGF-1 levels explaining 30% of this variance. In fact, the elevation of circulating GH levels can mediate the reduction in insulin sensitivity. The mechanism of this GH-induced reduction in insulin sensitivity involves multiple sites in insulin receptor signal transduction [27] . GH may also reduce insulin sensitivity by increasing lipolysis and circulating free fatty acid levels [28] .
Although it is unknown whether the association between the increase in insulin resistance and the early growth response is coincidental or causal in nature, similar conditions of accelerated growth, elevated GH secretion and increased insulin resistance are observed during infancy in the majority of SGA children with spontaneous catch-up growth. A similar condition also occurs during puberty in normal children. The compensatory hyperinsulinism can be hypothesized as a common underlying factor for this association between accelerated growth and increased insulin resistance [12, 29] . Using mouse metatarsal bone growth plated in culture, insulin was shown to stimulate metatarsal linear growth and the heights of the epiphyseal, proliferative and hypertrophic zones in a concentration-dependent fashion [30] . It remains to be established whether insulin acts in its growth stimulation activities via its own receptors, the IGF-1 receptors or the hybrid IGF-1/insulin receptor [31] . We observed in our study a negative correlation between the changes in growth and insulin sensitivity during the second year of treatment. In view of the present observations, we propose the following hypothesis: while the prevailing insulin sensitivity before GH therapy permits a better growth response through the GH-induced compensatory hyperinsulinism initially, this insulin-mediated growth response can only be maintained during the course of GH therapy in those subjects showing some recuperation of the impaired insulin resistance.
One major practical application emerges from our findings: QUICKI could be taken into account to select the best candidates for GH therapy. However, future studies should be performed to determine whether our observations can be confirmed in larger studies since the origin of the growth retardation in SGA children is heterogeneous and our study population is rather small. Furthermore, the observed QUICKI results might be insulin assay-dependent, since insulin measurements depend on the type of assay used (with the newer IRMA assays showing a lowering of 20% compared to the RIA assays) and the cross-reactivity with proinsulin (in some assays, proinsulin accounts for 15-20% of the total amount of the fasting insulin) [32, 33] .
In summary, we found that insulin sensitivity is an important determinant of the growth response to GH therapy, is associated with IGF-1 status, and decreases significantly during the first year of GH therapy in prepubertal short SGA children. Confirmation of our findings in a larger study is needed in order to determine the exact role of QUICKI in the selection of short prepubertal SGA children as candidates for high-dose GH therapy.
